Flow visualization techniques were used on the X-
ied because asymmetries in the vortex system were suspected of inducing uncommanded yawing moments at zero sideslip.
Smoke enabled visualization of the vortex system and correlation of its orientation with flight yawing moment data. Good agreement was found between vortex system asymmetries and the occurrence of yawing moments.
Surface flow on the forward-swept wing of the X-29A was studied using tufts and flow cones. As angle of attack increased, separated flow initiated at the root and spread outboard encompassing the full wing by 30°angle of attack. In general, the progression of the separated flow correlated well with subscale model lift data. Surface flow on the vertical tail was also studied using tufts and flow cones. As angle of attack increased, separated flow was observed to start at the root and spread upward. A follow-on flight test program was conducted in the summer of 1991 to perform aerodynamic investigations in three areas that were believed to affect the X-29A
high-angle-of-attack characteristics.
The program focused on the forebody, wing, and tail.
The forebody from an F-5A aircraft was used on the X-29A to reduce developmental costs. In wind-tunnel tests before the fabrication of the aircraft, undesirable forebody vortex asymmetries were observed starting as low as 23°angle of attack with the basic F-5A forebody. As a result, the forebody was modified to reduce these asymmetries. shows that the right side of the aircraft forebody was painted flat black. The black surface provided maximum contrast between the white smoke and the background when viewed by the wingtip cameras.
Surface flow visualization was performed on the wing upper surface and vertical tail using flow cones and tufts. 6-11 Although flow cones were preferred because of both their stability and visibility, tufts were used on some locations because they were less likely to detach in highly turbulent locations (i.e., on the wing in the canard wake at high dynamic pressure flight conditions). The tufts and flow cones were attached to the upper surface of the right wing, thc right side of (c) Closeup of nose apex, side view. The shutter speed of the wingtip video camera was 1/10,000 sec and that of the tail camcorder was 1/4000 sec. The shutter speed used with the 35-ram cameras was 1/1000 sec.
Angle of attack was measured from three independent vanes mounted on the noseboom which can be seen in Fig. l 
Results and Discussion
Off-Surface Flow Visualization
The smoke emitted through ports below the nose -strakes was entrained in the forebody vortex system -and was documented by the tail and wingtip cameras. = Similar tail video images were analyzed, and the pair of lobes were observed shifting to the left and right on the upper surface of the aircraft.
As the lobes shifted, the .
dark region remained between the two lobes and shifted with them as a unit. This dark region or midplane was considered representative of the vortex system angular position.
Based on the wingtip video, the image -recorded by the tail cameras is believed to correspond _-to the longitudinal plane about halfway back on the aircraft canopy. View from cockpit Net force_ g2o4o_ however, the large increase in separated flow over the wing between a = 10°and 15°is also believed to contribute to the reduction. At _ = 20°, 25°, and 30°t
here are subsequent increases in separated flow; this trend correlates well with the gradual reduction in the lift curve slope.
Tail Surface Flow
The sketches in Fig. 16 show the flow conditions on the right surface of the vertical tail of the X-29A for " several angles of attack. These conditions were deter-: As might be expected, rudder efficiency also suffers at the higher angles of attack. The plot in Fig. 18 is wind-tunnel data of the yawing moment caused by rudder deflection (Cn6a) as a function of angle of attack. 1 A significant decrease in rudder efficiency starts at a = 15°with a sharp increase in the rate of decline starting at a _ 24°. The sharp decreases in rudder control also correlated well with the large increases in separated flow observed on the vertical tail surface as angle of attack increased. 
